Introduction
1 The alternatives proposed in EN 1994-1-2:2005 for the structural fire design of composite steel and concrete columns consist in three different levels of assessment: methods that include the use of tabular data (level 1), simple calculation models (level 2) and general calculation models (level 3).
The use of the simple calculation models recommended in EN 1994-1-2:2005 -chapter 4.3 requires the determination of the temperature distribution in the column's cross-section (temperature is taken as constant along the length). As this calculation involves either laboratory testing or the use of specific computer codes, the use of tabular data is more common, as it readily provides the standard fire resistance for a composite column given basic design information such as geometry, reinforcement and loading.
In this work, the tabular data design method described in EN 1994-1-2:2005 -chapter 4.2 for the case of centrally loaded concrete filled steel circular hollow sections is reviewed. A simple calculation model (level 2) based in EN 1994-1-2:2005 -chapter 4.3 is presented, but considering the temperature variation in the cross section and also along the length of the column. A description of an implementation of the solution model using finite elements as basis is also done, allowing the determination of the temperature distribution for different materials and geometry arrangements. An application example is then shown, with the detailed calculation for R30, R60, R90 and R120 of standard temperature-time curve as given by ISO 834-1:1999 . For the example, both design methods are used, and a comparative analysis is performed, covering aspects such as safety and costs. temperature k E,θ = reduction factor of Young's modulus E a with temperature k y,θ = reduction factor for yield strength f ya with temperature M = mass matrix n = boundary's normal vector, given by its components n x , n y and n z N = matrix of functions of shape for the Finite Element Method N fi,cr = elastic critical load under fire, kN N fi,d,t = design load axial compressive resistance in fire situation, kN N fi,pl,Rd = design value of the plastic resistance to axial compression in fire situation, kN N fi,Rd = design value of the resistance in axial compression under fire, kN N Rd = design load axial compressive resistance for normal temperature, kN q = heat flow per unit area, W/m² q = prescribed heat flow per unit area, W/m² t = time of assessment after fire's ignition, minutes t c = slab thickness, cm u s = distance between the reinforcements and internal surface of the steel tube, mm W = arbitrary weighting functions to the Weighted Residuals Method 
Greek Symbols
α = convection-radiation coefficient, W/(m².ºC) α c = convection coefficient, W/(m².K) β = coefficient
Variation of Mechanical Properties with Temperature
In this item, the variation of the relevant material properties with temperature is described. Data are given for rolled structural steel and normal density concrete, as required for the application problem to be presented.
The reduction in the yield strength (f ay ) and Young's modulus (E a ) with temperature for rolled steel shapes is represented by factors k y,θ and k E,θ , respectively, as shown in Table 1 . The reduction factor k c,θ , to be applied to the compressive strength (f ck ) for normal density concrete is shown in 
Design Using Tabular Data
The tabular data provided for the fire design of composite columns made of concrete filled steel hollow sections subjected to axial compressive loading are given in Table 2 . In this table, the standard fire resistance is found as a function of the loading level η fi,t , the external diameter d, the reinforcement rate, i.e., the ratio between the cross-sectional area of reinforcement and the total area, A s /(A c +A s ), and the distance between the reinforcements and internal surface of the steel tube. Its use is restricted to the cases where the column's length is limited to 30 times the external diameter of the cross-section, the column is part of a braced frame and the fire is constrained to only one storey of the building, where the temperature is taken as uniform along the column length. Another hypothesis is that the reinforcement bars are rolled, with yield strength at room temperature of 500 MPa. The load level at time t, η fi,t , is given by:
where N fi,d,t is the design load axial compressive resistance in the fire situation and N Rd the design load axial compressive resistance for normal temperature.
The design load axial compressive resistance in the fire situation, N fi,d,t , is determined combining the characteristic actions, as described in EN 1991-1-1:2002. Its value is usually smaller than 70% of the acting load for normal temperature design, taking into account the fact that fire is an exceptional event, with low probability of occurrence and short in duration, allowing for the use of smaller weighting coefficients for the characteristic actions than used for normal temperature design. The design load axial compressive resistance for normal temperature, N Rd , is obtained as proposed in EN 1994 EN -1-1:2004 . Nevertheless, the following considerations must be followed for the use of Eq. (2) (and only for this purpose):
• the buckling length for the column should be taken as twice the column length under fire;
• an upper bound of 235 MPa for yield stress should be assumed, regardless of the mechanical properties of the steel used for the tubular steel profile;
• the thickness of the steel circular tube cannot be taken as larger than 1/25 of its diameter;
• the reinforcement rate should be considered as less or equal to 3%.
Simplified Design Method
The simple calculation model for the design of composite columns under fire according to EN 1994-1-2:2005 -chapter 4.3 is based on a sound formulation, derived from classical principles of material science and structural analysis, and can be used for braced frames. It requires the determination of the temperature distribution in the cross sectional area of the column, considered to be constant along its length.
A simplified method is described in the following items, centered in the basic assumptions of EN 1994-1-2:2005 -chapter 4.3 and taking into account the work of Lawson and Newman (1996) , but including the consideration of the temperature variation along the column length. In this manner, it is possible to consider the fact that temperatures in the fire compartment varies from a minimum close to the column ends (where connections, beams and concrete slabs are found) to a maximum at locations in the central portion of the column.
Next, the steps to be followed in the proposed simplified method are described:
a) Design Value of the Plastic Resistance to Axial Compression
The determination of the design value of the plastic resistance to axial compression under fire for composite columns can be performed for the section under higher temperature, in the central portion of the column, as:
where the first term at the right side of the equation represents, at elevated temperature, the product of the steel tube section area by its yield point, the second term the sum of products of steel reinforcement bars section area by yield point and the third term the sum of products of concrete area by compressive strength of this material. In Eq. (3), the partial material safety factors were not shown, because they are equal to 1.00.
The temperature for the steel tube is taken as constant, due to its small thickness and the high thermal conductivity of steel. For each reinforcement bar, the temperature is function of its position and also taken as constant, due to their small diameters and high thermal conductivity. For concrete, temperature increases with radial distance from the center, as shown in Fig. 1. 
b) Effective Flexural Stiffness
The effective flexural stiffness for the composite column is given by: where the first term on the right side of the equation corresponds, at elevated temperature, to the moment of inertia of the tubular steel section times its Young's modulus, the second term the sum of the products of the moments of inertia of the reinforcement bars by their Young's modulus and the last term the sum of the products of the moments of inertia of the concrete elements by the secant Young's modulus for this material, according to Eq. (1).
The effective flexural stiffness varies along the column length, proportionally to temperature, as expected.
c) Elastic Critical Load
The elastic critical load under fire, N fi,cr , should be calculated taking into account the variation of effective flexural stiffness along the length, as described in step b of the method. The load value depends on the buckling length under fire, usually determined as for normal temperature design. For multiple storey frames, the columns can be assumed as fixed in the fire compartments above and below, provided that the fire resistance of the buildings components that separate these fire compartments is not less than the fire resistance of the column.
The elastic critical load can be obtained using finite element computer programs based on the stability theory, including the consideration of stiffness degeneration due to normal compressive load and the second order effects in structural model. In this paper, the commercial program ANSYS (2004) was used to provide an eigenvalue-based solution for buckling analysis.
d) Non-Dimensional Slenderness Ratio
The non-dimensional slenderness ratio for the column under fire is given by Eq. (5):
where the values of N fi,pl,Rd and N fi,cr are obtained at steps a and c, respectively.
e) Design Value of the Resistance in Axial Compression
The design value in the fire situation of the composite column resistance in axial compression shall be obtained from:
where χ is the reduction coefficient for buckling curve c of EN 1993-1-1:2005, which depends on the non-dimensional slenderness ratio (see step d), and N fi,pl,Rd is obtained at step a. ABCM It should be noticed that design value of resistance obtained herein, N fi,Rd , considers the partial material safety factors equal to 1.00, as shown at step a.
Finite Element Calculation of Temperature Distribution

Heat Transfer Mechanisms
The standard formulation for the heat transfer problem is used in the numerical treatment of the problem (Huang and Usmani, 1994) . Conduction is assumed to be represented by Fourier's law:
where q is the heat flow per unit area, λ the thermal conductivity and dθ/dn the temperature gradient.
Convection is modeled by Newton's law:
where q is the heat flow per unit area, α c the convection coefficient, θ the temperature at the surface of the body and θ f the temperature for the fluid. Radiation is assumed to follow Stefan-Boltzmann law:
where q is the heat flow per unit area, ε res the resultant emissivity for the surface, σ the Stefan-Boltzmann constant, θ the temperature at the body's surface and θ f the average fluid temperature.
For the fire case, convection occurs between the heated gases and the surface of the structure. The determination of the fluid velocity due to convective flow is not required, and both radiation and convection at the boundary can be considered using a single boundary condition.
Finite Element Formulation
The heat transfer is assumed to follow the heat conduction basic equation, as given in Eq. (10):
where θ is the temperature, t the time, ρ the material density, c the specific heat, ρ i the heat density due to an internal source and D the constitutive matrix, resulting from the thermal conductivities λ, for the different dimensions of the domain Ω. For a three dimensional domain, D is given by: 
Boundary conditions for the problem can be either of the Dirichlet type, as given in Eq. (12), or Neumann's, as given in Eq. (13).
( )
For Eqs. (12) and (13), θ is the fixed temperature value at part of the boundary, α represents the convection-radiation coefficient, q is the prescribed heat flow per unit area, θ f the temperature of gases outside the domain, n the normal vector, given by:
The coefficient α covers both convection and radiation heat transfers, and is taken as: [ ]
Applying Green's theorem to the term ∇ T D∇θ, ignoring the terms in the boundary with imposed temperatures and applying the Finite Element concepts, it can be shown that the matrix form of Eq. (16) is given by:
In Eq. (17), a is the global vector containing the nodal temperatures, while M, K and f are the mass matrix, stiffness matrix and nodal heat flow vector, respectively. For each element, these matrices are given by Eqs. (18) to (20):
The transient solution is obtained by integration in time of Eq. (17). In this work, two assumptions were used to obtain the approximate discrete solution: first, Eq. (17) is satisfied only at time t n+β in each time interval ∆t, and second, temperatures vary linearly within each time interval.
Using these concepts in Eq. (17), the recurrence Eq. (21) is obtained:
Matrices M n+β , K n+β and f n+β are calculated for t n+β . After solving the system in Eq. (21) 22) where a n are the initial temperatures for the next time step.
The trapezoidal time integration rule in Eq. (21) 
Computer Program Description
A finite element program for thermal analysis based on the theoretical developments described before was developed and named Thersys, based on the Caltemi platform, according to Fakury et al. (2002) and on program Caltep, from CIMNE (1993) in Barcelona. Program Thersys allows the use of different fire curves, modeling of solid structures and the consideration of non-linear thermal material properties. The assumed values for thermal conductivity, specific heat and mass density for steel and concrete were taken from EN 1994-1-2:2005.
The program includes the following isoparametric elements:
• 3 node triangular Lagrangian and 6 node serendipity triangle, 4 and 9 node quadrangular Lagrangian and 8 node serendipity quadrangular elements;
• 4 node Lagrangian tetrahedral and 10 node serendipity tetrahedral, 8 node Lagrangian and 20 node serendipity hexahedra.
Four different boundary conditions can be considered in the program:
• prescribed temperature, or Dirichlet condition;
• prescribed heat flow, or Neumann condition;
• cooling condition in the boundary, given by:
where α c is the natural convection coefficient between the outside environment and the structure, ε res the resultant emissivity between the surface and external media, which is taken as 0.5, σ is StefanBoltzmann's constant, taken as 5.669x10 -8 W/m 2 .K 4 and θ f the normal temperature, normally assumed to be 20 ºC;
• fire condition, also represented by Eq. (23), now with α c as the forced convection coefficient between the environment and the structure surface and θ f as the external temperature, variable according to a defined curve. The convection coefficients are taken as 12.834 W/m².ºC, 3.145 W/m².ºC, 9.909 W/m².ºC and 25.000 W/m².ºC, respectively, for cooling condition in hot surface with that surface turned up, cooling condition in hot surface turned down, cooling condition with hot surface in the vertical position and fire condition (Ribeiro, 2004) .
Example Problem Description
The analysis of a composite column made of a steel circular tube filled with reinforced concrete is described in this item. The tube, shown in Fig. 2 , is 5.6 mm thick and 355.6 mm in diameter, with yield strength (f ay ) of 235 MPa. The concrete has compressive strength (f ck ) of 30 MPa and moisture content varying among 0%, 4% and 10% of concrete weight. The reinforcement consists of eight 22 mm steel bars with yield strength (f sy ) of 400 MPa. The column is assumed to be in a multiple storey building with 4 m between floors. The concrete slabs have constant thickness of 120 mm. 
Temperature in the Column Using Finite Element Analysis
The temperature distribution in different sections of the column was calculated using Finite Element Analysis. Sections 1 to 6, shown in Fig.3 -a, were considered for R30, R60, R90 and R120 of standard temperature-time curve as given by ISO 834-1:1999, including the influence of the slabs in the ends of the column.
Section 1 was located at the concrete slab mid-section (considered as the extremity of the column); section 2 in the lower surface of the slab, section 3 to 5 at intervals of t c / 2 from each other, down from section 2, section 6 at the column centre (t c is the slab thickness). The obtained temperature distribution was almost symmetrical to the column central section (section 6), and that result was used in the design. For each section, the concrete area was divided in four concentric circular sectors of equal thickness, as shown in Fig.3-b .
The mean values between the obtained temperatures in the area of each sector are shown in Table 3 for concrete with 4% of moisture content.
As there are four planes of symmetry, only one eighth of the geometry was modeled (Fig.3-a) , using a mesh with 60156 nodes and 313634 four node tetrahedral Lagrangian elements. The mesh density was shown to be appropriate to obtain convergence to the finite element solution (Ribeiro, 2004) .
Comparison Between the Tabular Data and the Presented Simplified Method a) Design Load Compressive Resistance for Normal Design
In order to find the design load axial compressive resistance in fire situation using the tabular data, N fi,d,t , firstly the load level η fi,t has to be calculated, as a function of the load compressive resistance for normal design, N Rd , as discussed before. N Rd was calculated for a buckling length of 4 m (twice the buckling length under fire -seen before) with the yield strength for the steel of the tube as 235 MPa. Noting that for the column the tube thickness is less than 1/25 of its diameter and that the reinforcement rate does not reach 3%, a value of N Rd equal to 3622 kN was found.
b) Design Load Compressive Resistance in Fire Situation
Based on the temperature values, the results for the column are listed in 12 segments (6 at each side of the central cross section) of different effective stiffness values (the values of temperatures and effective stiffness are shown in Table 3 ). The elastic buckling load, discussed in item c of topic "Simplified Design Method", was obtained taking the temperature obtained for section 1 for the upper 30 mm of the column, temperatures for sections 2 to 5 in the next segments, each with a 60 mm length, and the temperature in section 6 for the next segment, with 1730 mm length, shown in Fig.3-c , as the region of significant temperature gradients is restricted to the column ends. Table 4 presents the obtained results for design load compressive resistance in fire situation for the example problem using both methods, tabular and the simplified, presented in this work, according to the temperature distribution obtained from threedimensional (3D) Finite Element Analysis. In this table, it is also shown the design load compressive resistance in fire situation using the hypothesis adopted by EN 1994-1-2:2005 -chapter 4.3, which the temperature distribution in the cross section is constant along the length of the column. This case was calculated using the two-dimensional (2D) temperature distribution obtained at section 6 at the column centre. Table 4 also presents the design load compressive resistance for the same column shown in Twilt et al. (1994) . These results were obtained by a computer program developed and verified by Valexy (Twilt et al., 1994) . This program was modified in order to reach compliance with more recent test results.
Comparing the results shown in Table 4 , it can be noticed that the axial forces in the composite column in the example are significantly smaller when calculated from the tabular data, suggesting that it provides a considerably conservative approach.
Another interesting result is that the resistant axial forces are approximately 0.2% smaller than the results obtained for the simple calculation model (3D) if the analysis is performed assuming the temperature constant and equal to that of the central section of the column, that is, using a two-dimensional (2D) model for the temperature distribution, as proposed in EN 1994-1-2: 2005 -chapter 4.3. The small difference presented in Table 4 can be justified due to the reduced variation of temperature along the length for the proposed example.
If the real distribution of the temperatures external to the column (gases) is known along the column length, or in the case when temperature of the floors above and below the column are different, the plane model might no longer be realistic, while the use of the proposed method would provide a sound basis for the design.
The results also show that concrete humidity is an influent parameter in design load compressive resistance. On the other hand, it is a parameter difficult to obtain. In the example problem presented, for a fire of 120 minutes, an increase of approximately 22% in the design load compressive resistance is obtained comparing columns made with concrete with 0% and 10% of moisture content. According to EN 1994-1-2:2005, moisture content of 10% may occur for hollow sections filled with concrete. Figure 4 presents graphically the results, including the value of the design load compressive resistance for room temperature, according to EN 1994-1-1:2004. 
Final Remarks
In this paper a simplified method for the design of composite columns in fire situation was presented, consisting in taking into account the temperature variation in the column along the length as well as in the cross section. In order to implement the analysis, a model of a column under fire was described based on the heat transfer laws, as well as a three-dimensional finite element formulation and its implementation in a computer code. The program allows the analysis of either homogeneous or composite columns under fire.
The method was then used for the analysis of a composite column consisting of a steel tube filled with reinforced concrete submitted to axial load under fire. For the example, the results were compared to the design load obtained for the procedure given in based on tabular data, EN 1994-1-2: 2005 -chapter 4.2, resulting in considerable differences. These differences suggest that a more detailed analysis can, in this case, lead to lighter and cheaper structures. The results were also compared to the ones presented by Twilt et al. (1994) , with good agreement. In the presented example, the moisture content of concrete was shown to be an important parameter, causing a 22% variation in the design load compressive resistance for a 120 minutes fire.
Finally, it is important to point out that the use of the presented design method depends on a more extensive comparison with laboratory test results, not yet available in scientific literature.
